Bone loss associated with skeletal trauma or metabolic diseases often require bone grafting. The present study aimed to evaluate the performance of bioactive glass-chitosan composite (BG-CH) produced by a freeze-drying process. BG containing 17% wt% CH was implanted in the femoral condyl of an ovariectomised rat. The resected bone was prepared for analysis using several physico-chemical techniques such as fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX). After 2 weeks, the implanted sample gave a spectrum in which two pronounced absorption bands with the maxima at 932 and 1036 cm -1 arising from (Si-O-Si) groups disappeared 15 days after surgery. These bands were replaced 30 days after implantation by 601 and 564 cm -1 (P-O) arisen form bone apatite bands. After 4 weeks, peaks at 31.6 and 25.8° (2θ) were registered thus inducing a degradation of BG-CH which occurred simultaneously with the implant replacement by the bone cells. Our data showed that the incorporation of 17% wt% CH with BG matrix promoted a highly significant bioactivity and generated an osteoinductive property. These effects might make BG-CH an effective biomaterials choice for the biomedical field.
INTRODUCTION
One of the present trends in implantable applications requires materials derived from nature. Natural materials have been shown to promote healing at a faster rate and are expected to exhibit greater compatibility with bone (Zhang et al., 2010) . Recently, chitosan has played a major role in bone tissue engineering, being a natural polymer obtained from chitin (Chang et al., 2008) , which is found in the major component of crustacean exoskeleton. It has attractive properties such as *Corresponding author. E-mail: jbahisamira@yahoo.fr. Tel: +21697622227 biocompatibility, wound healing and antibacterial activities as well as drug delivery systems (Rani et al., 2010; Viral et al., 2012) . In vitro behavior of hydrxyapatite-chitosan (HAP-CH) was performed in a simulated body fluid (SBF) to induce the formation of bone-like apatite layer onto their surfaces (Liuy et al., 2009) . While chitosan has been extensively investigated for bone repair, there has been relatively little research on the application in the repair of osteoporosis tissues. In the medical field, among the most common drugs developed for treatment of osteoporosis in clinical practice, we noted estrogens, bisphosphonates and calcitonin. In postmenopausal women, estrogen as hormone replacement is often prescribed for the prevention of osteoporosis (Lee et al., 1999; Ha et al., 2001) , but it can result in an increased risk of endometrial cancer (Grady et al., 199l) . Other adverse effects involve gastrointestinal disturbances and risk for osteonecrosis in the mandible and maxilla with bisphosphonates. Recent studies in ovariectomized rats showed that oral administration of chitosan prevents bone demineralization (Iwata et al., 2005) . When applied to bone defects, chitosan was found to improve osteogenesis and angiogenic activity (Muzzarelli et al., 2002) . However, the poorer mechanical strength of CH presents one of the main limitations (Malafaya et al., 2008) . Accordingly, inorganic-organic composites for bone repair should be developed and are expected to enhance the mechanical properties of the polymer matrix with particle reinforcement. Within a current strategy, the mechanical properties of porous chitosan/hydroxyapatite nanocomposites proved to be satisfactory when implanted in the rat (Kashiwazaki et al., 2009 ). Differentiation and activity of human preosteoclasts were enhanced when tested on chitosan enriched calcium phosphate cement (Rochet et al., 2009) . Moreover, several studies have confirmed chitosan usefulness when interacted with gelatin/nano-bioactive glass (Petera et al., 2010) . Bearing all these considerations in mind, the purpose of this study was to evaluate the performance of BG-CH produced by freeze-drying technique in the quaternary system (SiO 2 -CaO-Na 2 O-P 2 O 5 ). An experimental study on an ovariectomised rat model would be useful to assess the efficacy of BG-CH in the repair of bone defect compared with BG. This system should try to meet the key of an ideal design: A porous structure with adequate morphological characteristics, and an in vivo biocompatibility.
MATERIALS AND METHODS

Biomaterials synthesis
BG-CH was elaborated by freeze-drying method. First, the BG particles were synthetised as described in Dietrich et al. (2009) via the melting method. Then they were suspended in the prepared chitosan solution and stirred for 2 h by using magnetic agitation at 1200 (rpm). The biocomposite contained 17 wt% of CH polymer. The mixture of BG and CH polymer was solidified by liquid azotes and transferred immediately for freeze-drying at -60°C for 24 h to remove the solvents. To neutralize the radicals of acetic acid, the obtained biocomposite was immersed in NaOH solution, and then washed with deionised water. Eventually, the biocomposite of BG and CH polymer was frozen and freeze-dried again for 24 h to totally remove the solvent. The prepared implants were sterilized by γ-irradiation from a 60 Co Source gamma irradiation at a dose of 25 Gy (Equinox, UK) using standard procedures for medical devices.
Animal model
Female Wistar rats, with body weights 300 to 385 g and bred in the central animal house and obtained from the central pharmacy, Tunisia, were used in this study. The animals were fed on a pellet diet (Sicco, Sfax, Tunisia) and water ad libitum. All the animals were Jabahi et al. 1277 kept in climate-controlled conditions (25°C; 55% humidity; 12 h of light alternating with 12 h of darkness). The handling of the animals was approved by the Tunisian ethical committee for the care and use of laboratory animals. All rats were randomly divided into four groups (5 animals per group):
Group (I): Used as negative control (T); without ovariectomy. The femoral condyls were intact and without a surgical creation of bone defects. Group (II): Used as positive control (OVX); with ovariectomy. Sixty days after bilateral ovariectomy, the rats developed the bone disorder and thus could be used as the animal model for osteoporosis. The femoral condyls were intact and without a surgical creation of bone defects. Group (III); Sixty days after bilateral ovariectomy the bone defects were implanted with BG-CH (OVX -BG-CH). Group (IV); Sixty days after bilateral ovariectomy, the bone defects were implanted with BG (OVX -BG).
Surgical and postoperative protocol
All surgical interventions were performed under general anaesthesia in aseptic conditions. Anaesthesia was induced with xylazine (7 to 10 mg/kg (i.P.) ROMPUN® 2%) and ketamine (70 to 100 mg /kg(i.m) imalgéne ®) depending on body weight. The animals underwent bilateral ovariectomy; the rats were placed for surgery in lateral recumbency and then rotated to the contralateral side during the surgical protocol. The preoperative preparation of the surgical sites was routinely performed by cleaning with 96% alcohol and antiseptic solutions (PROLABO; AnalaR Normapur®, France). The resulting bone defects were irrigated profusely with physiological saline solution (0.9 wt.% NaCl; Ref.091214; Siphal, Tunisia) to eliminate bone debris. A drilled hole, 3-mm diameter and 4-mm deep, was created on the lateral aspect of the femoral condyle using a refrigerated drill to avoid necrosis. The drill-hole was filled with 10 mg BG/BG-CH before being filled with implants; the filling was done carefully in a retrograde fashion to ensure both minimal inclusion of air bubbles and direct implant -bone contact. The closure of the wounds was performed in layers (that is, fascias and the subcutaneous tissue), using a resorbable material (Vicryl 3/0; Ethicon, Germany) in a continuous fashion. After surgery, all rats received subcutaneous analgesia (Carprofen 10 mg/kg I CRimadyl®) for three postoperative days and they were allowed unrestricted mobility; during this period, they were checked daily for clinical lameness or other complications. On days 4, 7, 15, 30 and 60 days after implant insertion, all rats were sacrificed and specimens were harvested for the following evaluation.
Biochemical assays
Biochemical analyses were carried out 60 days after the implant insertion. Blood samples were taken by cardiac puncture under light diethyl-ether anesthesia. Calcium (Ca), phosphorus (P), silicon (Si) and total alkaline phosphatase (ALP) were examined using commercial Biomaghreb kits (Tunisia).
Physicochemical analysis
The newly formed bone was analysed by SEM, using a JEOL JSM 6301F. Semi-quantitative chemical analysis was performed by EDS on implanted bone surfaces covered with a thin film gold-palladium (to avoid charge accumulation at the surface of the analysed biomaterial). Moreover, an X-ray diffraction (XRD) technique (Philips PW 3710 diffractometer) allowed the verification of the progressive similarity between the diffraction patterns of the normal Values are expressed as mean ± S.E; *, significant difference compared with controls rats, p < 0.05.
bone as well as of the implanted one after different periods (4, 7, 15, 30 and 60 days) . Identification of the chemical groups was examined by IR spectroscopy analysis after soaking in 1 mg of material and mixed with dried KBr, using a Bruker Equinox. Femoral condyles were dried for 24 h at 65°C.
Statistical analysis
The statistical analysis of the data was performed using Student's ttest. All values were expressed as means ± SE. Differences were considered significant at the 95% confidence level (p <0.05).
RESULTS
Macroscopic observation
No post-surgery complications were detected in BG and BG-CH after a sixty-day implantation. No osteolysis, hyperplasia or other negative tissue responses were found in the biomaterial samples through the 8-week study. Progressive substitution took place at the interface of implants and host bones were observed (Figure 1 ).
Biochemical assays
The Ca, P and Si concentration blood values for the experimental and control groups of animals are given in Table 1 . These values do not differ from those of the OVX group. Moreover, these concentrations were unaffected by being exposed for 60 days to BG-CH and BG. No adverse effect was observed in clinical examinations through the stability of serum levels of Ca, P and Si. Convincingly, the average blood alkaline phosphate levels of the control groups exceeded 383.5 U/L, whereas in the OVX test groups, they reached only about 254.9 U/L. These levels were found to be significantly reduced. On the other hand no significant changes of alkaline phosphate levels over the post surgical periods seen in OVX-BG-CH and OVX-BG groups when compared to T groups.
Physicochemical analysis
FT-IR characterization of specimens after in vivo tests
The spectra in Figure 2A showed as already mentioned absorption bands arising from BG-CH and some new ones. Two pronounced absorption bands with maxima at 932 and 1036 cm -1
arising from Si-O-Si groups disappeared 15 days after surgery. These bands were replaced 30 days after implantation by 601 and 564 cm -1 (P-O) groups arising from bone apatite. The band at 3572 cm -1 could be assigned to hydroxyl groups present in the structure due to BG-CH after 15 days but that probably attributed to bone apatite 60 days after surgery. The absorption band at 1650 cm -1 attributed to the stretching (amide I) was also identified. Generally, the amide I bands originate from the (C=O) stretching vibrations coupled to (N-H) bending vibrations (Barth and Zscherp, 2002) . Moreover, the band at 1542 cm -1 (amide II) arising from the combination of C-N stretching and N-H bending vibrations of the protein bone can be related to protein matrix formation of implanted bone. The carbonate bending vibration groups situated at 1500 to 1418 cm -1 were also noticed. These groups were accentuated with a similar intensity to that of a normal bone specially 60 days after surgery. These bands are related to carbonate apatite present in bone tissue, suggesting the presence of mineralized extracellular matrix of bone. We can conclude that the major absorbance bands of IR spectra correspond to apatite bone, increasing significantly as a function of time and the characteristic bands of HA appearing as the BG-CH content decreases. When compared to those of BG ( Figure 2B ), these bands are more accentuated especially after 60 days of implantation. 
XRD characterization of specimens after the in vivo assays
4 days after surgery, X-ray diagrams of BG-CH-bone suggested the presence of 2 peaks with low intensity at 19.5° (2θ) in (001) orientation and a new one at 29° (2θ) characterizing BG and CH association. We noted there was a characteristic broad hump at 31.5° (2θ) ( Figure 3A and B). This broad diffraction pattern is an indication of the predominantly amorphous form of BG-CH. However, 7 days after surgery, peaks at 19.5° and 29° (2θ) disappeared. This transformation exhibited BG-CH fast resorption and degradation behaviour. In this stage, bone tissue can be viewed as a fine layer of organic matrix without deposition of mineral crystals ( Figure 3C ). After 15 days of implantation, we noted the presence of new sharp diffraction peaks that are the result of new formation at 25.7° (2θ) in (002) orientation ( Figure 3D ). These peaks show that bone healing is emphasized to provide a stable surface on which osteoblasts and/or their precursor cells may migrate and secrete bone matrix. After 30 days of BG-CH exposure, minerals were deposited within collagen fibers in which large amounts of solid mineral crystals were deposited as shown in Figure  3E , and the registered peaks were more developed. After 60 days, the evaluation of the crystallinity was performed especially by the analysis of (002) and (221) line profile in implanted bone ( Figure 3F ). The implanted bone was presented in the same way as normal bone and the degrees of calcification seemed to be enhanced. XRD analysis in combination with IR spectroscopy studies indicated that the formation of HAP was more accentuated in BG-CH when compared with BG especially 15 days after surgery.
SEM observation
Under scanning electron microscopy, Figure 4 allows to visualize the pore network. It was observed that BG-CH had average pore sizes of approximately 10 μm in diameter. Pores could be expected to afford space for bone in growth. The defect was mainly filled with fibrous connective tissue and callus detected 4 days after operation. Little haematoma appeared around the specimens 7 days after surgery. In contrast, BG was surrounded by a great deal of haematoma in the same period ( Figure 5A and B). The implant was partitioned and a minimal cellular invasion emerged in 7 days. During the next 2 weeks, the BG-CH was replaced by creeping substitution and a mature newly generated bone appeared at the defect site. In the newly formed bone biological HAP was deposited in an orderly way on a collagenous matrix as we noted the biodegradation of BG -CH ( Figure 6A and B) . BG-CH have been shown to encourage cell spreading and improve the ability and interconnection with neighboring cells (Figure 7) . In 4 weeks, a big amount of original osseous callus was formed, whereas some defect regions were still occupied by implant. These features demonstrate that BG-CH is safe, well tolerated by the host and the in growth becomes more pronounced with increasing time periods of implantation. New bone progressively forms on the implants surface and incorporates into the host bone showing that BG-CH has excellent biocompatibility and has proven effective in osseointegration.
DISCUSSION
In the biomedical field, CH is considered to be osteoconductive as well as osteoinductive. It stimulates osteoprogenitor cells in surrounding tissue and supporting new bone growth along the bone-implant (Salgado et al., 2004) . On the other hand, BG is classified as osteoconductive (Nandi et al., 2009 ). Moreover, HAP formed from BG proved to have great resemblance with living HAP (Zhou et al., 2004) . Oudadesse et al. (2011) have worked on the formulation of CH and BG composite for use as a bone-graft substitute. This proposed composite showed in vitro that particles were not cytotoxic to SaOS2 cells line and promoted differentiation. The amalgamation of polymer with mineral is used to give a composite that has the toughness and flexibility of the polymer with the strength and hardness of the mineral filler (Chen et al., 2011) . In addition to in vitro studies, it is essential to implant them in vivo to know body reactions. The present study aimed to test the degradability and bone forming capacity of BG-CH. In vivo parameters such as inflammatory response, tissue ingrowth, vascularization give the correct evidence to consider the BG-CH biofunctionality. After implantation of any biomaterial, the host tissue will inevitably be traumatized by the implantation procedure (Mikos et al., 1998 ). An inflammatory response triggered by BG-CH particle was observed after 1 week of bone implantation. 60 days after surgery, no systemic or regional surgical complications were seen. Under optical microscopy, it is clear that BG-CH architecture allowed for tissue ingrowth and subsequent migration into and through the matrix. BG-CH increased the bone contact perimeter and the neoformed bone became mature more quickly. There was no fibrose along with the repair processes since fibrose is the main reason of inflammation (Idris et al., 2011) . Furthermore, calcium is an indicator of the level of mineral deposition, and it is considered as a marker of the full maturation of osteoblastic cells (Wanga and Ma, 2002) . At the end of the third week, the calcium measurements in the newly formed bone indicated the deposition of significant amounts of mineralized matrix, with a significant increase for Ca-P. This layer may display the characteristics of bioactivity which allows them to form a chemical bond with the bone tissue resulting in a very strong bone/ BG-CH interface. The BG-CH influence on the structure of the HA-like conversion product remains unclear (Rahaman et al., 2011) . The addition of 17 wt% CH provides cationic sites to BG, which helps to give an electrostatic interaction with the negative charges on the cell surface such as glycosaminoglycans (GAG), proteoglycans and other negatively charged molecules.This property is very interesting because most cytokines/growth factors are linked to GAG (mostly with heparin and heparan sulphate) (Pillai et al., 2009) . The association between BG-CH complex and GAG may retain and concentrate growth factors secreted by colonizing cells . Moreover, in recent study, authors found that CH inhibited the resorption activity (Kurita, 2001) . Our findings confirm that CH helps to prevent bone loss after ovariectomy. Pore size is another important factor for tissue ingrowth. Among the most common techniques to create porosity in biomaterial are salt leaching, gas foaming, phase separation and freeze-drying which is the method used to create porosity in BG-CH. The porosity of 10 µm could be viewed in BG-CH by SEM. It is believed to contribute to high bone inducing protein adsorption as well as to ion exchange and bone-like apatite formation (Yuan et al., 1999) . Previous studies reported that a broad distribution of pore sizes (10 to 300 µm) helped to regenerate bone in femoral defects in rabbits (Itala et al., 2001) . Based on early studies, migration requirements and nutrient transport required 100 µm of pore size. Although increased porosity and pore size facilitate bone ingrowth, the result is a reduction in mechanical properties. Porosity in combination with the presence of a bioactive Jabahi et al. 1285 material could have a synergic effect and may be responsible for improvements in material colonization by cells. Another appropriate characteristic of chitosan is the capacity of wound healing (Antonov et al., 2008) . BG-CH seemed to be considered as an accelerator of wound healing by playing a role in the infiltration of polymorphonuclear cells at the wound site. Much less haematoma appeared in the BG-CH specimens than that of BG at the end of 1 week. Many researchers admit that the hemostatic effects of CH are related to both platelets and erythrocyte aggregations (Wu et al., 2008) . The ionic attraction between negatively charged red blood cell membranes and positively charged groups in CH is a possible explanation for the anticoagulant activity of chitosan. On the other hand, in blood plasma of OVX -BG-CH content Si and Ca comes to normal. Based on early studies, the Si diffuses into the local tissue and then enters the blood or lymph to be distributed to other parts of the body in a soluble form (Baumann, 1960) . The silicon will finally be filtered out of the blood by the kidney (Laia et al., 2002) . During this dissolution, the silicon concentration in the organs and body fluids remains within physiologically safe ranges. Moreover, our study aimed to contribute to this research by evaluating the physicochemical properties that suggest the BG-CH influence on the mineral crystal maturation. Ovariectomy induced a decrease in carbonate band as demonstrated in literature (Fei et al., 2007) . FTIR spectra of the reacted material after implantation show the development of bands attributable to carbonate groups. It may be considered as a significant factor in controlling the size of apatite crystals in skeletal tissues by inducing proliferative growth of new crystals (Farlay et al., 2010) .The association between the BG and CH showed the appearance of a new peak at 29°. It highlights the chemical interactions between bioactive glass and chitosan polymers which induce the changes in the glass amorphous structure. After 4 days of implantation, we noted a small quantity of carbonate but 60 days after surgery, the spectrum exhibited an increase of carbonate at 1063 cm −1 indicating bone maturity. X-ray diffraction pattern showed that reaction time is sufficiently long for BG-CH to induce peaks corresponding to HA but this layer is not homogenous as shown by SEM. A possible explanation is that the conversion reaction does not proceed in a continuous manner (Huang et al., 2006) . Instead, it starts and stops, presumably depending on the concentration of the reacting ions from BG-CH. By 60 days, we obtained peaks close to the normal bone. The crystal formation is the final stage and it is considered as an important event in the multistep process of hard tissue formation. These results indicate that shortly after implantation, bone apatite is poorly crystallized. In fact, trabecular bone from ovariectomized rats contained larger apatite crystals (Boyar and Severcan, 2003) . The process of bone mineral deposition begins with the nucleation of HA crystals at multiple sites on the collagen fibrils (Fratzl et al., 1991) . In bone, extracellular matrix proteins act as nucleators because of their affinity for HA. Finally, the 60 days of implantation suggest that within the osteoid tissue, there is an increase in crystal content, and perfection of mineralization proceeds. Thus, as a function of time the introduction of BG-CH enhances the secondary mineralization which is associated with an increase in the crystal size as well as the mineral content as shown by XRD results
Conclusion
Under these experimental conditions, both BG-CH and BG seemed to promote an excellent structural response in terms of bone integration. The combination of 17 wt% of CH with BG was shown to maximize the biocompatibility and the osteoinonductive behavior in vivo. The chemical transformations of BG-CH reflect the positive effect on the crystal maturity during ossification. These studies added that BG-CH materials were promising candidates for bone repair requirements. However, this study was limited to only an 8-week investigation and needs to be an in-depth study of longer time implantation in the future.
